ABSTRACT This study was designed to assess platelet activity in vivo with vascular prostheses seeded with endothelial cells to determine the time course for development of thromboresistance and to test the ability of prostheses to produce prostacyclin. Sixteen dogs were randomly allocated to receive seeded (experimental group) or unseeded (control group) velour Dacron aortic prostheses. Serial measurements of platelet survival were performed to assess platelet interaction with prostheses in vivo, and platelet serotonin was monitored as an index of platelet release in vivo. After placement of prostheses, dogs in the experimental group had rapid normalization of platelet survival, with most having normal platelet survival at 4 to 8 weeks after surgery. In contrast, most control animals had reduced platelet survival throughout the 12 week period of study. Significant differences between groups in mean platelet survival were noted at 8 weeks after surgery (p < .005) and in mean platelet serotonin at 12 weeks after surgery (p < .05). Luminal surface production of 6-keto-PGF1, from seeded prostheses was similar to aortic production and significantly greater (p < .05) than that of control prostheses. Gross thrombus was present on 6.0 ± 3.4% of the prosthetic surface in experimental animals in comparison to 26.6 + 19.2% in controls (p < .005). The results of these studies document accelerated nonreactivity with platelets of seeded prostheses due to rapid coverage with endothelium possessing a normal ability to produce prostacyclin. Circulation 69, No. 3, 632-639, 1984. PLATELET INTERACTION with vascular prosthetic surfaces is an undesirable process that contributes to occlusive thrombosis and distal embolization.1' 2 After placement of arterial prostheses in man and experimental animals, platelets rapidly and continuously accumulate on the surface.3-' The process can be monitored quantitatively by serial measurement of platelet survival time or by imaging radiolabeled platelets on the surface.6 In dogs, measurement of platelet serotonin also reflects platelet interaction with prosthetic surfaces, and changes in platelet serotonin parallel changes in platelet survival.5 Studies in baboons and dogs have documented that platelet survival, which is
PLATELET INTERACTION with vascular prosthetic surfaces is an undesirable process that contributes to occlusive thrombosis and distal embolization.1' 2 After placement of arterial prostheses in man and experimental animals, platelets rapidly and continuously accumulate on the surface.3-' The process can be monitored quantitatively by serial measurement of platelet survival time or by imaging radiolabeled platelets on the surface. 6 In dogs, measurement of platelet serotonin also reflects platelet interaction with prosthetic surfaces, and changes in platelet serotonin parallel changes in platelet survival.5 Studies in baboons and dogs have documented that platelet survival, which is reduced immediately after implantation, returns to normal within a variable period of months depending on the rate of growth of neointima.7-9 With almost all animal preparations, neointima extensively covers the surface,'0 contains nearly continuous endothelium, and produces prostacyclin.1 In human beings, endothelialized neointima grows very poorly and is usually found only adjacent to anastomoses." 1 2 Results of radioisotope platelet imaging in humans demonstrate that significant platelet accumulation on vascular prostheses continues for up to 10 years after placement. '3' '14 To improve thromboresistance of vascular prostheses, the technique of endothelial cell seeding has been developed. 15 This process involves harvesting autogenous venous endothelial cells by mechanical or enzymatic means and adding them to blood used to preclot prostheses. 16, 17 To date, all published work has been carried out in dogs. Most studies have focused on the morphologic appearance of endothelial seeded surfaces, and different groups of investigators have documented improved endothelial coverage of seeded prostheses in comparison to unseeded controls. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] LABORATORY INVESTIGATION-THROMBOEMBOLIC DISEASE Morphologic studies, however, suffer from potential observer and sampling bias. Functional studies of prostheses seeded with endothelial cells are needed to assess this technique and, to date, only two have been reported. In one, enhanced patency of small-diameter Dacron arterial prostheses seeded with endothelial cells was documented.20 In the other study, our group demonstrated improved platelet survival in animals with large aortic Dacron prostheses seeded with endothelial cells. 19 The present study extends these observations, documents rapid return to normal platelet survival in animals with aortic prostheses seeded with endothelial cells, and demonstrates that the neointimal surface of seeded prostheses produces prostacyclin in amounts equivalent to those produced by normal aorta under basal, unstimulated conditions.
Methods
General design of study. This project was shared between two institutions and was specifically designed to eliminate bias from all phases of the study. The study sought to compare prostheses seeded with endothelial cells (experimental group) with unseeded prostheses (control group) in dogs. One institution was responsible for implantation of prostheses and the surgeon performing the operations was unaware of which prostheses were seeded with endothelial cells. The assignment of experimental and control prostheses was by random allocation. Sealed envelopes containing assignments were opened during implantation by a single member of the team who then added autogenous endothelial cells (which were harvested in all animals) to the blood used to preclot experimental prostheses. The assignment of experimental and control prostheses was not revealed until completion of the study and analysis of data.
The second institution was responsible for performing serial platelet function tests, harvesting prostheses, and assessing prostacyclin production by neointima. Members of this team were also unaware of which animals were experimental and which were control. Conversely, data generated by this team were not revealed to members of the first team during the course of the study. At completion of the study and after analysis of all data, the code was broken and the animals' groups were revealed. Animal preparation and technique of endothelial seeding. In conducting the research described in this article, we adhered to the Guide for Laboratory Animal Facilities and Care, as promulgated by the Committee on the Guide for Laboratory Animals Facilities and Care of the Institute of Laboratory Animal Resources, National Academy of Sciences-National Research Council.
Sixteen adult dogs of either sex weighing 23 to 30 kg were randomly allocated into experimental and control groups. A single animal in the control group died shortly after operation, leaving seven in this group and eight in the experimental group. Preoperative values for hemoglobin, hematocrit, platelet count, and white cell count were normal in all animals. Platelet aggregometry was also performed preoperatively in all dogs, with adenosine diphosphate and collagen used for aggregating agents, and was found to be normal by criteria reported previously for dogs. were used for the thoracoabdominal aortic bypasses. The properties of this warp-knitted material include the following: inside pile, 0.15 mm; outside pile, 0.29 mm; water porosity, 1300 + 400 ml/min/cm2; interstices greater than 30,000/2.5 cm2; and pore size, 2 to 400 gim. The prostheses were preclotted in a standard manner. Three 10 ml aliquots of autologous blood were used for the first three steps. In experimental dogs, 0.5 ml of culture medium containing endothelial cells were added to each aliquot of blood. In control dogs, 0.5 ml of culture medium without cells were added to the blood aliquots. As a fourth step, clotted prostheses were flushed with 15 ml of autologous blood containing 5000 U of heparin sodium.
After preclotting, prostheses were immediately implanted. The details of the surgical procedure have been described previously. 21 Platelet survival and platelet serotonin. Platelet survival was measured with autologous platelets labeled with indium-11 1-oxine. The technique, based on that of Wilkinson et al., 22 has been specifically adapted to dogs and has been previously reported in detail.23 Briefly, 31.5 ml of blood were collected atraumatically and mixed with 3.5 ml of 3.8% trisodium citrate.
After centrifugation at 200 g for 10 min at 22°C, 10 ml of supernatant platelet-rich plasma was removed and mixed with PGE, at a final concentration of 200 ng/ml. Platelet-rich plasma was then centrifuged at 640 g for 10 min at 220 C and the platelet-poor plasma was removed. The platelet pellet was gently resuspended in 5 ml of Ringer's citrate dextrose containing 200 ng/ml PGEI, 50 gCi of indium-111-oxine (Mediphysics Corp., Emeryville, CA) was added, and the platelets were incubated at 370 C for 7.5 min. Five milliliters of platelet-poor plasma was added to the platelet suspension, which was then centrifuged at 640 g for 10 min. The platelet pellet was resuspended in 5.3 ml of platelet-poor plasma and the suspension was injected into the animal. Blood samples of 10 ml were drawn at 2, 26, 50, 74, and 98 hr after injection and 4 ml aliquots were counted in a gamma counter on the fifth day after reinjection of labeled platelets. In the remaining 6 ml of whole blood from the recovery samples, platelets were separated by differential centrifugation and washed with normal saline and 1% ammonium oxalate to lyse red cells5; platelet-bound radioactivity was then counted. 1 min, and aliquots were tested for platelet antiaggregatory activity. Simultaneous aliquots were diluted 1:9 in Tris buffer and were quick-frozen at -60°C for subsequent radioimmunoassay for 6-keto-PGF,.
The second method to assess prostacyclin production measured luminal surface generation of 6-keto-PGF10. A that fell within the normal range in contrast to only three of the seven control animals (figure 2). At 12 weeks these relationships were maintained, although the data were more variable within groups.
In comparing mean values between the two groups, significant differences were seen only at 8 weeks after surgery when platelet survival in the experimental group was 4.92 ± 0.65 days vs 3.79 ± 0.61 for the control group (p < .005). The mean postoperative platelet survival, with values averaged across the entire postoperative period, was 4.83 ± 0.76 days for experimental animals and 3.83 + 0.90 days for control animals (p < .05).
Platelet serotonin data are presented in table 2. The platelet serotonin level was modestly reduced in each group at 8 weeks after placement of prostheses. Measurements were not available at 2 and 4 weeks after surgery. At 12 weeks, the platelet serotonin level was normal in all experimental animals but remained reduced among control animals; differences between groups were significant (p < .05).
Morphology. At harvest of prostheses there were marked differences between groups in the amount of gross thrombus present on luminal surfaces. Experimental dogs had 6.0 ± 3.4% thrombus-covered surface compared with 26.6 ± 19.2% in control dogs (p < .005). On examination by scanning electron microscopy, thrombi were composed of abundant platelets, white cells, and fibrin. For all prostheses, surface covered with thrombus at time of harvest was inversely correlated with platelet survival measured before harvest (r = -.63, p < .02, n = 15).
Areas of the prostheses not covered with thrombus were composed of neointima, which was qualitatively similar in control and experimental animals. The cells lining the neointimal surface had the appearance of endothelium. They were flattened, polygonal, had distinct cell borders, and were continuous and identical to aortic endothelium. The subendothelium was composed of fibroblasts, intervening collagen, and scattered smooth muscle cells. There were no differences were no significant differences between anastomotic and midprosthetic sites. Among experimental animals, these sites produced slightly more 6-keto-PGFi, than comparable sites in controls, but these differences were not significant. Aortic luminal surface production of 6-keto-PGFia under basal, unstimulated conditions was approximately 5% of that produced by aortic rings (table 3) . In experimental dogs, luminal production by prostheses (all segments near middle of prostheses) was not significantly different from that of aortas. Among control animals, prosthetic luminal production was significantly lower than aortic production (p < .01) and was also significantly lower than that of comparable sites from experimental animals (p < .05).
Discussion
These studies show that animals with large aortic prostheses seeded with venous endothelial cells have longer postoperative platelet survival than unseeded controls. Most of the experimental animals had normal platelet survival 1 month after implantation. In contrast, most of the control animals had shortened platelet survival throughout the 12 week study period and showed little trend toward normalization of values.
Rapid normalization of platelet survival is distinctly unusual after placement of large arterial prostheses in dogs. Previous studies from our group have focused on evaluating prosthetic materials in the same animal preparation used in this study. After placement of wov-636 CIRCULATION LABORATORY INVESTIGATION-THROMBOEMBOLIC DISEASE en Dacron prostheses, platelet survival remained depressed for 32 months, at which point prostheses were harvested and 60% of their surfaces were found to be covered with endothelialized neointima.8 In another study, velour knitted Dacron (similar but not identical to that used in the present study) and expanded polytetrafluoroethylene prostheses produced shortened platelet survival for 10.5 months and were found to be 57% and 34% surfaced, respectively, with neointima.9 29 With both of these prostheses, platelet survival remained markedly reduced at the time of harvest. In this same study, animals with standard weight knitted Dacron prostheses developed normal platelet survival 7.5 months after surgery and had endothelialized neointima covering 90% of the prosthetic surface. Until the recent study, standard weight knitted Dacron performed best in terms of rate of growth of neointima and normalization of platelet survival.
At the time of harvest, endothelialized neointima covered 94% of the surface of seeded prostheses in comparison to 73% of that of controls. These measurements were obtained 1 month after the final platelet survival determination and therefore cannot be directly related to normalization of platelet survival. Presumably, the extent of coverage was greater at harvest than when the final platelet survival was measured. Nevertheless, with these degrees of endothelialization one might expect to see progressive lengthening of platelet survival for both experimental and control animals instead of the plateaus reflected in the mean values in figure 1. Harker et al.7 demonstrated a close correlation between the degree of neointima development and prolongation of platelet survival in baboons with aortic prostheses. In all of our studies with dogs, we have not been able to obtain a similar degree of correlation.5' 8, 9,29 In dogs, platelet survival does not begin to appreciably lengthen until 60% to 70% of an aortic prosthesis is endothelialized,5 29 whereas, in baboons, Harker et al." found lengthening of platelet survival with only 30% coverage. The discrepancy may be due to species differences in platelets and mechanisms of shortened platelet survival. Canine platelets are more reactive with prosthetic surfaces than baboon platelets,30 and therefore shortened platelet survival might occur with comparatively lesser amounts of prosthesis exposed to blood. It would appear that in dogs, until 60% to 70% of a large aortic prosthesis is endothelialized, the thrombogenic stimulus remains sufficiently intense to override the discriminant ability of measurement of platelet survival to assess lesser degrees of endothelialization.
In light of these considerations, one can infer that 
